Essential oils (EOs) are widely used as biopesticides and to control bacterial infections. This study describes the ability of six EOs isolated from plants cultivated in Colombia to perform as repellents against Ulomoides dermestoides and as quorum sensing (QS) inhibitors. EOs from Aloysia triphylla, Cymbopogon nardus, Lippia origanoides, Hyptis suaveolens, Swinglea glutinosa and Eucalyptus globulus were repellents classified as Class IV, IV, IV, III, II, and II, respectively, whereas the commercial repellent IR3535 only reached Class II after 2 h exposure. All EOs presented small, but significant inhibitory properties against the QS system in Escherichia coli (pJBA132) at 25 µg/mL after 4 h exposure. These data suggest evaluated EOs from Colombia are sustainable, promising new sources of natural repellents and could be important as anti-quorum sensing molecules.
QS is a widespread process that involves inter-and intra-species communication in bacteria and other organisms. The system works by generating and detecting small signal molecules called autoinducers, which upon binding to receptors, modulate gene expression to coordinate diverse, often cooperative activities, such as bioluminescence [5a] , biofilm formation [5b], and virulence factor production [5c]. In the case of Gram-negative species, the autoinducers consist of constitutively synthesized N-acyl homoserine lactones (AHLs). AHLs act as communication molecules which regulate the behavior of the members of the bacterial population [5d] . The AHL-dependent QS system requires a transcriptional regulator and an AHL synthase, corresponding to LuxR and LuxI protein homologs that control the expression of bioluminescence in Vibrio fischeri. The process starts when, based on cell density, AHLs reach a threshold concentration, return to the cytosol by diffusion, and after forming a complex with the regulator protein, bind to DNA sequences upstream of the promoters of genes modulated under QS control [5e]. The term anti-QS is used to define a process that, following different mechanisms, may block the transcription of genes modulated by AHLs.
As many of the biological properties of EOs isolated from Colombian plants are unknown, the purpose of this work was twofold: (a) to describe the repellent activity of six EOs against Ulomoides dermestoides, a peanut beetle pest, and (b) to determine their anti-QS activity.
Percentage repellency (PR) and median repellent concentration (RC 50 ) values against U. dermestoides for tested EOs are presented in Tables 1 and 2, respectively. Data showed that at assayed concentrations, all EOs were strongly repellent against U. dermestoides. At the lowest tested concentration (0.0002 μL/cm 2 ), the EOs isolated from E. globulus and S. glutinosa showed attractant activities (2, 4 h; PR: -10±12%, -27±18% and -23±25%, -20±31%, respectively). However, based on RC 50 values, overall repellence decreased in the order: C. nardus> L. origanoides> A. triphylla> H. suaveolens > S. glutinosa > E. globulus. At both exposure times, average RC 50 values for these oils were lower than that of the commercial repellent IR3535. Moreover, only EOs from A. triphylla and L. origanoides produced the maximum PR (100%) after 2 h exposure at concentrations of 0.2 and 2 µL/cm 2 . The average PRs allowed classifying EOs repellency from Class 0 to V, as detailed in Table 3 . All tested EOs belonged to Class III-IV, except those from S. glutinosa and E. globulus that were classified as Class II, as was also found for IR3535.
Major compounds present in the examined EOs have already been published by several authors (Table 4 ). The most abundant components (>10%) were Z-citral (29.9%)/E-citral (42.3%), citronellal (45.7%)/geraniol (20.4%), trans-β-caryophyllene (11.3%)/p-cymene (11.2%), sabinene (34.0%), terpinolene (10.7%)/β-caryophyllene (11.2%), β-pinene (49.6%)/α-pinene (12%)/sabinene (11.0%), α-pinene ( 1 . Values are mean (SE of six replicates). a . Significant difference between the number of organisms on both the treated and untreated halves, using a paired t test (P <0.05). b . Significant difference between essential oils and the positive control (IR3535), using ANOVA, with Dunn's post-test. *. Commercial repellent. generally accepted that the main components of EOs influence their biological activity, and the magnitude of their effects depends on the concentration of the principal constituents, together with the modulating role of the minor ones. The findings presented here indicated that EOs from A. triphylla, C. nardus and L. origanoides have good repellent activities against U. dermestoides. Such properties can be related, in part, to the high content of citral, geraniol, and p-cymene, as recognized chemical repellents against Tribolium castaneum [6] .
It is important to point out that some of the EO-producing plants examined here are well recognized by organic growers and environmentally conscious consumers as sources of low-risk repellents, insecticides or components of daycare products. For example, the EO isolated from C. nardus, known as citronella oil, has been traditionally used as a mosquito repellent, and currently, it is commonly found as an ingredient of soaps, perfumery and cosmetics [7a,7b] In the case of L. origanoides, a species native to some countries of Central America and northern South America, it is traditionally utilized to prepare infusions for the treatment of stomach ache, L. origanoides However, it is important to emphasize this work is the first to report the repellents proprieties of these EOs against U. dermestoides.
The anti-QS activities of the evaluated EOs are shown in Figure 1 . In general, QS inhibition was relatively low, but significant decreases in fluorescence were observed for all examined EOs after triphylla possess citral and citronellal as main components, respectively, and these oxygenated chemicals have lower volatility than some of the major compounds found in the other assayed oils, probably suggesting that, over time, in those last EOs, more volatile molecules were leaving the media and therefore diminishing their anti-QS activity. , among others. Although the QS mechanism used in each particular case may be different, the results showed that these natural mixtures may have some promising properties to interfere with different types of QS signals.
As our drug arsenal against bacterial infections is running out, there is a growing interest in the biological function and therapeutic roles of natural products and their ecological role in regulating interactions between microorganisms [11a] . Accordingly, several plants have been investigated as sources of antimicrobials for drug development [11b], aiming to find molecules that fight bacterial infections by mechanisms different from those exerted by traditional antibiotics. QS is one of those alternative promising mechanisms in which bacterial communication is used to collectively control group behaviors [11c] , and in consequence, the inhibition of a bacterial QS system may block different processes required for bacterial attack on the host, allowing the immune system to respond to the microbial insult. The actual mechanisms by which EO components exert their anti-QS activities are unknown and deserve further analysis. However, although there is still a long way to go, EO properties to counteract QS systems may be part of the solution to develop new therapeutics aiming to control bacterial infections.
In summary, the results of this study suggest the repellent activity of examined EOs is considerably strong against U. dermestoides, whereas their anti-QS activities are small but significant. However, the low volatility of EOs isolated from C. nardus and A. triphylla may explain their sustained anti-QS effect.
Experimental

Plant material and EO extraction:
Six plant species were used in this work: Cymbopogon nardus, Aloysia triphylla, Lippia origanoides, Eucalyptus globulus, Hyptis suaveolens and Swinglea glutinosa. The taxonomic identification of the plants was carried out at the Colombian National Herbarium (COL) of the Institute of Natural Sciences, Faculty of Sciences of the National University of Colombia (Bogotá) and CENIVAM, at the Industrial University of Santander, Bucaramanga, Colombia, where voucher specimens were deposited (Table 5 ). EOs were provided by Dr. Elena Stashenko, Director of CENIVAM. EOs were isolated using fresh leaves, with the exception of S. glutinosa whose EO was extracted from the fruit.
The process was carried out by microwave-assisted hydrodistillation (MWHD), as reported elsewhere [12] .
Insects and rearing conditions:
All experiments were conducted in the laboratory using long-established colonies of U. dermestoides. The strain was kept in glass containers covered with a plastic mesh. Insects were reared on a diet of peanut and kept at 26±2°C, a relative humidity of 70-85%, and a 10:14 h light: dark photoperiod. Peanut beetle adults of both sexes were collected, and those between 8 and 15 days old were employed in the experiments.
Repellency tests:
The repellent activity was measured using the area preference method [13a] . The solutions of EOs were prepared in acetone, and in all cases, a volume of 0.5 mL was evenly applied to a half-filter paper disk to obtain a final oil volume per area unit of 0.0002, 0.002, 0.02, 0.2, and 2 μL/cm 2 . The other half of the filter paper was treated with an equal volume of acetone as a vehicle control. Test areas consisted of a 9 cm Albet DP597125 filter paper cut in half (31.8 cm 2 ). A formulation of propionate, a synthetic repellent which has been approved in the USA for skin applications, was employed as a positive control, utilizing the same experimental conditions as those for the oils. The treated and control half disks were air-dried for 10 min to remove the solvent, re-attached with adhesive tape, and kept in 90 mm glass Petri dishes. Ten adults of U. dermestoides of both sexes were released at the center of each filter paper disk and dishes were covered and placed in darkness at 26 ± 2 °C, and relative humidity of 70-85 %. The numbers of U. dermestoides specimens on treated and untreated portions of the experimental paper halves were counted for each dish after 2 and 4 h exposure. Percentage repellency (PR) for a given treatment time was obtained using the formula: PR = [(Nc-Nt)/20)] x 100, where Nc and Nt were the number of insects on the untreated (control) and treated areas, respectively. Three replicates were used for each tested concentration of EO, and each assay was repeated twice. Based on PR data, repellent activity of EOs was classified in different repellent classes, from 0 to V [13b], according to their mean PR values as follows: Class 0 (PR< 0.1%), Class I (PR = 0.1 to 20%), Class II (PR = 20.1 to 40%), Class III (40.1 to 60%), Class IV (60.1 to 80%) and Class V (80.1 to 100%).
Bacterial strains and culture conditions:
The bacterial strain used in this study was Escherichia coli MT102. This strain does not produce acyl-homoserine lactone (AHL) on its own, but is able to sense it through a sensor plasmid (pJBA132) which contains the sequence luxR-PluxI-gfp, and, therefore, expresses an AHLcontrolled promoter fused to a gene coding for green fluorescent protein (gfp), allowing the activation of the QS system by adding AHL. The C6-homoserine lactone (C6-HHL) of short chain was employed as auto-inducer to express gfp. If any molecule from the EO interferes with the process, the fluorescence decreases and it will be considered an indication of anti-QS action by the EO.
The sensor strain was kept in Eppendorf tubes at -80 ºC, and shortly before the analysis was cultured in Luria-Bertani broth (LB) with 20 μg/mL of tetracycline, and incubated for 24 h at 37 °C. After culture, colonies were transferred to LB broth, allowed to grow under agitation until the cell density reached OD 620 nm = 1.0, which implies that the cell count reached a minimum of 0.5 on the Mc-Farland scale [4e].
Measurement of anti-quorum sensing activity:
Anti-QS activity measurements were performed as follows: a single colony of the biosensor strain was transferred to 50 mL LB broth and allowed to grow overnight at 37 °C. This culture was diluted with the same volume of fresh medium, incubated for one more hour and then adjusted to an OD of 1 at 620 nm. One hundred μL of this suspension was placed in separate tubes containing LB broth, C6-HHL and different dilutions of EOs, and aliquots of 200 μL were incubated at 30 °C in microtiter plates. Samples containing only the corresponding C6-HHL, dissolved in DMSO, were used as positive control, whereas cell cultures with only DMSO (10 μL) were utilized as negative controls. After 0, 4, 8, 12 and 24 h, relative fluorescence was determined in a Fluoroskan Ascent at an excitation wavelength of 485 nm and a detection wavelength of 535 nm. Cell growth was measured in a Multiskan Ascent spectrophotometer (Thermo Labsystems Oy, UK) at OD 620 nm. Afterwards, the fluorescence induction in the test samples was calculated by dividing their specific fluorescence (gfp535/OD620) by the specific fluorescence of the positive control. Percent of inhibition was calculated by comparing the fold induction of positive control samples (only C6-HHL) with samples with C6-HHL and EOs. Readings for each experiment were measured in quadruplicate and data were presented for at least 4 independent assays.
Data analysis:
The paired t-test was utilized to compare mean number of insects on the treated and untreated area of the filter paper. Repellency or attractancy was established if significant differences occurred for positive or negative percentage repellency, respectively. The mean repellence concentration (RC 50 ) values were calculated using Probit analysis. Both the repellency and the anti-QS inhibition percentages are presented as mean ± standard error (X±SE). Normal distribution and equality between variances were checked by Kolmogorov-Smirnov and Bartlett's tests, respectively. Mean comparisons between more than two groups were obtained using ANOVA, with Dunn's post-test utilized to compare treated with control-vehicle groups. In the absence of normality, these comparisons were carried out using the Kruskal Wallys test. Statistical analysis was performed with Graph Pad 3.00. For all purposes, significance was set at P< 0.05.
